Stability of atomic and molecular structures represents a subject of most quantum chemical investigations. In the present letter the target is quite opposite: to find such an unstable electronic ground-state that, under some small changes of the nuclear framework, may produce dramatically different chemical/physical properties.
Electron density distributions in molecules and crystals differ from the corresponding sum of those for individual atoms, with the differences ('electron distribution shifts') resulting from interatomic interactions. These shifts are relatively small and usually do not exceed a few dipole moment units (D) . In contrast to that, the present letter points to some sensitive ground electronic states, called henceforth as 'sliding states', in which electrons or electron pairs move over large distances when coupled to the lattice ions' motion.
The model, being at most of semi-quantitative accuracy, is designed as not necessarily related to some particular physical system, although it has not escaped our attention that the electron pairs' concerted motion may have some relation to superconductivity. This is why the system considered is based on the La 2−p Sr p CuO 4 crystal (LSCO), one of the first materials to achieve a hightemperature superconductivity (HTS), where p denotes the doping level.
Method An ab initio Valence Bond (VB) method [1] of solving the Schrödinger equation for a four-center fourelectron system embedded in the LSCO crystal field is applied. The wave functions and energies are obtained by using a finite-basis-set Ritz variational approximation, with N = 10 normalized and mutually orthogonal resonance structures φ i forming the basis set of diabatic states:
th resonance structure φ i represents a normalized Slater determinant built of four orthonormal atomic spinorbitals. The coefficients c ni and the corresponding adiabatic total energies E n are to be calculated for the singlet ground state ψ 0 as well as for the excited states ψ n , n > 0. As- * Electronic address: piela@chem.uw.edu.pl suming the hole-doping regime the system I is treated as effectively a four-electron one, each atom (a copperlike and a single-hole oxygen-like) offering one electron. To minimize the termini effects the symmetric orthogonalization [2] has been performed for nine atomic orbitals (AOs): 3d
−y 2 (for copper-like atoms) and 2p
(for oxygen-like atoms) centered, respectively, along the
. Due to the symmetric orthogonalization the resulting orthogonal orbitals, OAOs, have the least possible deviation from the starting AOs. The four OAOs that are to be used to build φ i functions are centered on four consecutive Gaussian spherical atomic cores symbolized by the centers Cu 1 , O 1 , Cu 2 , O 2 on the x axis with the effective nuclear charges Z A , Z B , Z A , Z B , respectively.
The following resonance structures (with omitted center subscript) are used, each describing either the interacting electron pairs, or their dissociation (full or partial):
All the non-relativistic quantum mechanical interactions are taken into account in the electronic Hamiltonian (Ĥ). This is not the case in the tight-binding and band structure pictures, in which the crystal orbitals describe the exchange part of the electron-electron correlation only. The Hubbard [3] and the t − J [4] models take into account both components (exchange and Coulomb) of the electron correlation, but in a heuristic way, rather vaguely related to the actual chemical com-position of the material. More significantly, the calculation not only of the ground but also of the excited states and their avoided crossings distinguishes the present approach from usual treatments. A third difference comes from the VB method's real-space physical insight into the interplay of the electron pairs' formation/dissociation and the chemical bonds. This interplay depends on the lattice ions' displacements and other physics-based parameters, present in the φ i basis set and the lattice description.
Model The LSCO crystal (perovskite family) has a laminar plane-like structure. In our approach we focus on the CuO 2 square-like planar lattice. 2− in each of the sandwiching nearest-neighbor planes as well as 6 La 3+ and 6 O 2− in each of the sandwiching next-nearest-neighbor plane. We focus on system I, treated quantum-mechanically and assumed to be in the external electric field produced by the point-like ions of system II (fixed effective charges). This allows also to mimic the doping role by adding, removing, replacing and/or shifting some lattice ions of system II. It is worth noting that the crystal field of the lattice turned out to be necessary for the sliding effect to occur, because this is the lattice electrostatic field that lowers some excited states' energies and makes the corresponding wave functions interfere with the low-energy, non-polar states.
The inner electronic shells together with the nucleus of an atom were modeled as a spherical Gaussian pseudonucleus, with the exponents 0.577 and 0.115 for the oxygen and copper, respectively (the corresponding mean radii are chosen to be equal to the atomic ones). The nuclear charges Z A = 1 + ∆ and Z B = 1 − ∆ were used for the copper-like and the oxygen-like atoms, respectively, with ∆ = 0.35. The nominal ionic charges in system II have been reduced by a factor of η = 0.44 (an 'educated guess' from molecular dipole moments). The 3d 
The a 3d and a 2p AO exponents should depend on the neighboring ions' displacements to decrease/increase with the approach of positive/negative ions (lanthanum or oxygen from the system II). We have modeled this effect but restricted its amplitude to 10% by |∆a 3d | = Sliding states The sliding states appear for a narrow path in the parameters' space (most significant parameters were the a 3d and a 2p , to much smaller extent Z A , Z B , η), for which a frustrating competition φ 1 |Ĥφ 1 ≈ φ 2 |Ĥφ 2 takes place. We have investigated this (a 3d , a 2p ) path from (0.04, 0.12) to (0.10, 0.27).
The singlet ground-state energy E 0 may exhibit a certain number of avoided crossings, at which the electronic structure becomes an extremely sensitive function of structural parameters (d serving as an example in this letter), leading to qualitatively different electron distributions, see e.g. [5] . The sliding states are a consequence of these avoided crossings, and may be triggered even by tiny structural changes, e.g. distances, doping, orbital exponents, etc. A general picture that can be deduced from the numerical results is the following (Fig.1) , with several cases possible (only the singlet states are discussed; the triplet states essentially do not mix with the states we are describing and we expect then a picture resembling Haldane states [6] with a corresponding gap): Case 1. For small |d| an antiferromagnetic character of
(φ 5 + φ 6 ) dominates in ψ 0 with the resulting expectation value of the dipole moment (x component) µ antiferro , not exceeding a few D units. When varying d no substantial change of this polarity occurs: |∆µ antiferro | < 1D.
Case 2. If, however, the allowed vibrational amplitude is larger (in our model this appeared for |d| > 0.1Å), another scenario may happen. For d < 0, with increasing |d|, the copper atoms of system I attract stronger the electrons, while its oxygen atoms become less electronattracting. As a result, an excited state ψ n>0 of the system I (with the ionic CuCu diabatic state prevailing) may lower its energy, while E 0 , dominated by the antiferromagnetic (and weakly polar)
(φ 5 + φ 6 ), does not change much. If |d| becomes sufficiently large (for d < 0) this may lead to the former excited state ψ n>0 becoming the ground-state ψ 0 (an avoided crossing), with a dramatic change of the ψ 0 polarity. An energy gap between the ground and the first excited electronic state,
05Å the groundstate mean value of the dipole moment changes to µ ≈ µ antiferro + 21.5 D. This abrupt flow of two electrons (on average by 2.2Å each), after analyzing ψ 0 , may be attributed to the fast changing proportion of the quantum mixing: antiferromagnetic→ |Cu↑↓ O Cu↑↓ O , with the copper atoms serving as electron and electron pairs' carriers and the oxygen atoms playing the active role but as mediators only.
Case 3. In analogy to Case 2, for sufficiently large d > 0.1Å, an excited state, dominated by the ionic OO state and with the opposite polarity with respect to that of Case 2, lowers its energy. As a result, another avoided crossing may occur (the antiferro with Case 4. With a sufficiently large vibrational amplitude (in our calculations |d| ∼ 0.1Å) in the ground singlet state ψ 0 , the system may be able to undergo consecutively the Cases 2 and 3 with two large changes of the dipole moment (for two different d values, each change within ∆d ≈ 0.05Å). This corresponds to a fourelectron sliding |Cu↑↓ O Cu ↑↓ O → antiferromagnetic → |Cu O↑↓ Cu O↑↓ , the copper and the oxygen atoms both playing the roles of the electron pairs' carriers as well as participants in the intermediate antiferromagnetic structure. In this case |∆µ| ≈ 42 D. For the parameters reported in this letter the corresponding two avoided crossing gaps are equal to ∆ cross1 ≈ 627 K and ∆ cross2 ≈ 514 K, respectively.
It is worth noting that the calculated electron density distribution ρ (r) = ψ 0 |Σ 4 i=1 δ(r − r i )ψ 0 , r i being the i th electron position, as a function of the ions' displacement d, shows the details of the two electron pairs transfer in the 3D space. The two quite abrupt changes of the electronic charge distribution, at two consecutive avoided crossings during a vibration, mean a long-distance sliding of the two electron pairs, with their accompanying deformation and mixing. The value |∆µ| ≈ 42 D corresponds to the mean sliding distance of 2.2Å for each pair, i.e. even larger than the assumed CuO distance 1.92Å. This atomic-center-based wording may be however somewhat inadequate, because of a quite large size of the AOs themselves: the copper-centered electron pair has a dimension of about 2.1 − 2.3Å, the oxygen-centered pair: 1.1 − 1.2 A -both estimated from the inverse of the corresponding on site electron-electron repulsion integral. As it turned out, the pairs' motion as a function of d is concerted to a large extent, although a tiny phase shift can be detected, a result of small admixtures of the φ 7 , ..., φ 9 states and/or end effects.
Doping -The a 3d and a 2p orbital coefficients are mostly element-dependent (copper and oxygen), but they should also depend on the particular material. In our model, at a chosen doping (see above), one can tune the AO coefficients a 3d and a 2p to assure the avoided crossing at a certain d = d cross ≈ 0. Our calculations show that when afterwards the doping is changed (in our case, a replacement of some La 3+ by Sr 2+ and O 2− by O − in system II), the avoided crossing is still present, but the d cross value shifts from d ≈ 0 by about a hundreth ofÅ per additional dopant atom. If the doping exceeds some range, the d cross goes outside of an effective vibrationallyallowed d amplitude and the sliding effect disappears. In view of the above described role of the avoided crossing, it seems legitimate to make a conjecture that an appropriate doping may be necessary to locate d cross within the vibrationally allowed d range. An optimal doping would locate the d cross value right in the middle of the allowed vibrational range. This might help to shed some light on two puzzles: why doping is necessary for cuprates to obtain a HTS and why there exists an optimal doping (it is usually close to p = 0.16).
Vibrational amplitudes -There are several roles of the surrounding lattice played in the electron sliding mechanism in the Cu-O plane. One of them, positions of ions in the neighboring planes, was described in detail above. The second is the lowering of the polarized electronic states' energy levels. The third one is the degree of doping, also included in the model. There is also a fourth one, namely a possible dynamics of the CuO 2 planar lattice as a whole, treated as being composed of some copies of system I. Since the dipole moments can be very large (up to ∼ ± 20 D) the dipole-dipole interactions may make the electron sliding mechanism to become a coherent motion of electron pairs within the CuO 2 planes. The motion might spread throughout the whole lattice, especially along the dipole alignment lines. At a given temperature, it may be viewed as a frustrating competition of the charge density waves (CDW) vs the spin density waves (SDW). Such a spontaneous polarization [7] would additionally lower the ground-state energy, thus increasing the gap by ∆ coh .
The presence of large zero-point vibrations of the lattice is of crucial importance and it is estimated below. There are essentially three basic requirements: a) the vibrations of the lattice should couple sufficiently strongly to the electrons in the CuO 2 plane; b) the vibrational amplitudes should be large enough even at vanishing temperature; c) the ionic and antiferromagnetic states of the CuO 2 plane should attain comparable energies at some positions of the ions (lanthanum, strontium and oxygen) in the planes adjacent to the CuO 2 plane. The latter means the system is close to an avoided crossing.
The first condition gives preference to ions charged as much as possible. The second requires some discussion.
An average displacement squared (in one direction, i.e. 1/3 of the full one) of a single atom of mass M in a crystal in the Debye theory is given by [8] 
where ℏω D = k B θ D (θ D is the Debye temperature). For T → 0 we have
We see that the vibrations are nonvanishing even at T → 0 and have larger amplitudes for smaller Debye temperature. In view of the effect described in this letter, it appears not accidental that the best known HTS materials have lattices based on elements with very low Debye temperatures -mercury (72 K), thallium (78 K), barium (111 K), bismuth (120 K) or lanthanum (135 K) -compared to for example iron (477 K), aluminum (433 K) or silicon (645 K). It is consistent with the fact that experimentally, and unlike the BCS theory, the critical temperature for the HTSs increases with decreasing Debye temperature [9] . Plugging in the numbers for lanthanum we get ∆z 2 0 ∼ 0.08Å for the ground state average displacements (for the acoustic modes they are similar for lanthanum and oxygen ions). As we discussed above, such amplitudes of displacements of the ions in the vibrating lattice are potentially sufficient for the transport of electron pairs without any dissipation over large distances at temperatures up to the order of the energy gap (in our case 500 − 600 K).
Conclusions It was shown that an atoms' displacement of the order of 0.05Å in the LSCO lattice may lead to an avoided crossing geometry and can result in a concerted sliding (∼ 2Å) of a pair of electrons. For materials with low Debye temperature such displacements are there, even in the ground vibrational state and, therefore, with an appropriate lattice crystal field, a coherent long-distance sliding of electron pairs is possible. Lattice doping may be a necessary ingredient to tune the sliding to an optimum efficiency. A crucial property is the presence of energy gaps coming from the avoided crossings and making the sliding effect possibly dynamically stable also at elevated temperatures.
The model presented (when modified with other types of AOs) shows also that the sliding effect is not limited to the 3d Cu x 2 −y 2 and 2p O x σ states discussed so far. The sliding appears also for the π states coming from the 3d Cu xy and 2p O y interaction, as well as for the interacting 1s -type orbitals (σ state). This points to a general nature of the sliding states' mechanism although it appears only for a quite narrow set of parameters.
Is the sliding effect described in this paper related to the HTS? There are some indications. The first one comes from Rao and Ganguli [10] , who noticed that the critical superconductivity temperature has a sharp maximum for those compounds, for which the CuO nearest-neighbor distance approaches a very narrow range 1.88 − 1.94Å. Thirteen years later Fija lkowski and Grochala [11] were able to make a much wider literature search. They confirmed the previous result, pointed, more precisely, to a "magical" CuO distance of 1.923Å and referred to an earlier Burdett hypothesis [12] suggesting an avoided crossing possibly involved in superconductivity. Another indication is connected to what is highlighted in [13] as a conjecture that "it is the unstable lattice that is responsible for the occurrence of superconductivity in the cuprates."
The sliding effect described in this letter is demonstrated on a simple theoretical model of a real doped material. Its more realistic extensions and other links to the HTS are left for further study.
